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Skin-Infiltrating Monocytes/Macrophages Migrate to
Draining Lymph Nodes and Produce IL-10 After
Contact Sensitizer Exposure to UV-Irradiated Skin
Eiko Toichi1,2, Kurt Q. Lu1, Alan R. Swick1, Thomas S. McCormick1 and Kevin D. Cooper1,3
Low-dose UVB exposure induces antigen-specific unresponsiveness to antigen(s) introduced through UV-
irradiated skin (tolerance). Analysis of cytokine expression in murine draining lymph nodes (DLNs) revealed
that IL-12p40 mRNA and protein expression as well as IL-12p70 protein were upregulated after application of the
contact sensitizer 2,4 dinitro-1-fluorobenzene (DNFB) to normal skin. The cellular source of IL-12p40 mRNA was
CD11cþ cells. By contrast, following DNFB application to UV-irradiated skin (UVþDNFB), IL-12p40 mRNA was
not upregulated, and DLN IL-12p40 and p70 proteins were reduced. UVB irradiation alone did not upregulate
IL-10 mRNA, but UVþDNFB upregulated IL-10 mRNA as early as 3–6hours after DNFB application, immediately
preceding a decrease of IL-12p40 mRNA from the level induced by UVB. The infiltration of F4/80þ cells into
UV-irradiated skin was followed by a rapid and remarkable increase of F4/80þCD11c cells in DLN 3hours
following DNFB application. FITC/DNFB skin painting and subsequent enzyme-linked immunospot assay
demonstrated that flow-sorted FITCþF4/80þCD11c cells from the DLN produce IL-10. Thus, monocytes/
macrophages that infiltrated into the skin following UVB exposure migrate to the DLN triggered by contact
sensitizers. Production of IL-10 by migrating macrophages, in conjunction with IL-12 inhibition in the DLN, likely
reflects a role as mobile suppressive mediators for locally induced UV tolerance.
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INTRODUCTION
Ultraviolet exposure causes alteration in immune responses
to contact sensitizing agents, microbes, and tumor antigens.
Although skin is the first target of UV exposure, changes
caused by UV in the skin are transmitted to draining lymph
nodes (DLNs) via migration of immunocompetent cells and
cellular messengers such as cytokines.
Low-dose in vivo UVB exposure suppresses contact
hypersensitivity (CHS) when a hapten, such as 2,4 dinitro-
1-fluorobenzene (DNFB), or 2,4 dinitro-1-chlorobenzene, is
applied to UV-irradiated skin as a contact sensitizer in both
mice (Toews et al., 1980) and humans (Selgrade et al., 2001)
(local immunosuppression), whereas high-dose UVB expo-
sure leads to systemic immunosuppression to hapten applied
to non-UV-irradiated skin. Furthermore, low-dose UVB
exposure induces unresponsiveness to a hapten reapplied to
non-UV-irradiated skin when the hapten was primarily
applied to UV-irradiated skin (tolerance) (Toews et al.,
1980; Cooper et al., 1992).
Ultraviolet-induced tolerance can be adoptively transferred
by injection of lymph node (LN) cells and splenocytes from
UV-tolerized mice into syngeneic naive mice (Elmets et al.,
1983). T-cell clones, which suppress induction of CHS, were
isolated from DLN of UV-irradiated mice (Shreedhar et al.,
1998) and subsequently shown to be CD4þCD25þ Treg cells
(Schwarz et al., 2004). When a contact sensitizer is applied to
normal skin, Langerhans cells (LCs) process it, simultaneously
migrate to the DLN, mature during this process, and present
antigens to T cells (Kripke et al., 1990). Local immunosuppres-
sion is closely associated with a decrease in the number of LCs
within UV-irradiated skin and their impaired antigen-presenting
cell (APC) activity, because CHS is most highly suppressed
when the number of LCs is the lowest and recovers when LC
number and morphology return to normal (Toews et al., 1980).
The depletion of LCs from UV-irradiated skin and their
impaired APC activity, however, cannot fully explain UV-
induced tolerance. As we reported previously, although these
changes of LCs occur within hours after UV exposure,
maximum tolerance is not observed until 48–72 hours after
UV exposure (Hammerberg et al., 1996a). One potential
explanation for this time delay is a complex shift in the APC
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populations. Whereas LCs in the epidermis are rapidly
depleted, CD11bþMHC class IIþ monocyte/macrophage
populations appear in UV-exposed human (Baadsgaard et al.,
1987; Cooper et al., 1992; Meunier et al., 1995; Kang et al.,
1998) and murine (Hammerberg et al., 1994, 1996a) skin,
beginning as early as 6 hours in the dermis and reaching their
peak infiltration into the epidermis and dermis at
48–72 hours. Blockade of these monocytes/macrophages
reverses tolerance induction (Hammerberg et al., 1994,
1996b). Although these studies showed a significant role of
macrophages in tolerance induction, the question of whether
the skin-infiltrating macrophages can reach the DLN and a
mechanism for immune modification remained to be defined.
Interleukin-12 is an essential cytokine in inducing effector
T cells during CHS responses (Muller et al., 1995) and also
plays a complex role in UV-induced immunosuppression.
Administration of rIL-12 can prevent both local and systemic
UV-induced immunosuppression and overcome UV-induced
tolerance (Muller et al., 1995; Schmitt et al., 1995; Schwarz
et al., 1996), potentially through regulation of UV-induced
DNA damage of APCs and inhibition of induction of Treg cells
(Schwarz et al., 2005). However, injection of rIL-12 may
artificially augment the CHS response and may not reflect the
true in vivo role of DLN IL-12. It remains unclear that
inhibition of IL-12 is associated with tolerance induction by
UVB because how DLN IL-12 is inhibited following
sensitization through UV-irradiated skin has not been
demonstrated. Conversely, IL-10 is important in the suppres-
sion of immune responses. It has been reported that anti-IL-10
antibody (Ab) treatment before UVB exposure prevents UV-
induced tolerance (Niizeki and Streilein, 1997). However, it is
not clear whether IL-10 is upregulated in the DLN following
sensitization through UV-irradiated skin, and specifically,
when IL-10 is produced and by which cell types in the DLN.
Tolerance by low-dose UVB is observed when a hapten is
primarily applied to UV-irradiated skin, but not to a non-UV-
irradiated site. Therefore, a suppressive signal that causes
UV-induced tolerance is hypothesized to be in the DLN of
UV-irradiated skin where Treg cells are induced to suppress
the induction of effector T cells. However, how the
suppressive signal is transmitted from the skin to the DLN is
still not clear. There are several reports indicating that
keratinocytes are a source for IL-10 after UV irradiation both
in vitro and in vivo (Enk et al., 1995; Nishigori et al., 1996).
As keratinocytes are not able to migrate to the DLN,
alternative cells that are able to migrate to the DLN are
likely responsible for mediating suppressive signals.
In previous studies, to investigate the effect of UVB irradi-
ation on immunomodification, UVþ sensitizer was com-
pared only with sensitizer alone condition and the DLN data
was usually obtained at one time point following sensitizer
application. In this study, we compared UVþDNFB with
DNFB-alone and also with UV-alone conditions. We
performed detailed time-course analyses of cytokine expres-
sion in mouse DLN and examined cellular sources at optimal
time points based on the cytokine data. Our study revealed
a unique pattern of IL-10 mRNA expression that occurs only
under UVþDNFB tolerogenic condition. We found that
F4/80þ cells that infiltrate into UV-irradiated skin migrate
rapidly to the DLN following DNFB application and
induce IL-10 burst. The upregulation of IL-10 preceded the
inhibition of IL-12p40 mRNA in the DLN. To our knowledge,
although LCs have been well demonstrated to be able to
migrate to DLN from skin and produce IL-12, the capability
has not previously been demonstrated for skin macrophages,
which produce IL-10 and carry suppressive signals to
the DLN.
RESULTS
Exposure of UVB-irradiated skin to a contact sensitizer
reverses IL-12p40 upregulation induced by UVB
Interleukin-12 is a heterodimeric molecule composed of p40
and p35 subunits, which together form the biologically active
heterodimer p70. Expression of IL-12p40 in the tissue is
strictly regulated and p35 is expressed at constant low levels
in most tissues. As IL-12p35 is constantly expressed, and
we wished to follow induced changes in IL-12, we performed
a detailed time-course analysis of IL-12p40 induction in
the DLN after DNFB application alone, UVB irradiation
alone, and combined exposure. IL-12p40 mRNA levels
were quantified using real-time reverse transcription-PCR
(RT-PCR). The data of normal control mice where only back
skin was shaved were plotted at 0 hours of DNFB and
UV groups. IL-12p40 mRNA expression was upregulated in
the DLN between 48 and 72 hours after DNFB application
alone (Po0.01 at 48, 64, and 72 hours compared with
normal skin) and upregulated 2.5-fold at its peak (48 hours),
dropping to baseline afterward (Figure 1a). By contrast,
IL-12p40 mRNA induction failed to occur when DNFB was
applied to skin exposed to UV 48hours earlier (Po0.01 at
48 and 64 hours compared with DNFB, Figure 1a, plotted
as UVþDNFB), a condition that induces tolerance rather
than sensitization (Hammerberg et al., 1996a).
Surprisingly, UVB irradiation alone upregulated IL-12p40
mRNA levels to a similar extent as DNFB alone, but did
so with a later peak (72 hours) and over a more prolonged
time (Po0.05 at 48 and 120hours, Po0.01 at 72, 96 hours
compared with normal skin, Figure 1b). Compared with UV
alone, UVþDNFB resulted in a decrease of IL-12p40 from
the level upregulated by UVB, beginning at 3–6 hours and
reaching significance at 15 hours (Po0.05) after DNFB
application (Figure 1b).
These data indicate that there is apparent disparity of
IL-12p40 induction in the DLN between the upregulation
by DNFB application alone (sensitized condition) and lack
of upregulation by UVþDNFB (tolerogenic condition). These
data also show that DNFB application immediately stops
IL-12p40 mRNA upregulation in the DLN of UV-irradiated
skin and rather suppresses its induction.
The cellular source of IL-12p40 mRNA in the DLN of contact
sensitizer-alone- or UVB-alone-exposed skin is CD11cþ cells
To study the cellular source of IL-12p40 mRNA in the DLN,
DLNs were obtained at the time points when IL-12p40
reached its peak of induction (48 hours after DNFB (Figure 1a)
and 72hours after UV (Figure 1b)). DLN cells were positively
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and negatively selected by magnetic beads coated with anti-
Thy1.2, anti-B220, anti-CD11c, or anti-F4/80 Ab. Total RNA
was then examined using real-time RT-PCR. Depletion of
T cells, which comprised about 70% of the DLN cells,
resulted in a modest increase of IL-12p40 signals, reflecting
enrichment of an IL-12-producing population that is distinct
from T cells (T vs. T and Total, Figure 2a and b). After either
DNFB application alone or UVB irradiation alone, the cellular
source of IL-12p40 in the DLN was exclusively CD11cþ cells
(Po0.01 vs. CD11c and Total, Figure 2a and b, respec-
tively). By contrast, the fraction enriched for T cells, B cells, or
F4/80þ cells did not express increased IL-12p40 mRNA
compared with the paired fraction or total.
IL-12p40 and p70 protein analysis confirms reduction of IL-12
in the DLN cells after combined exposure of UVB and DNFB
relative to DNFB application alone
To study IL-12 protein secretion, DLNs were obtained when
IL-12p40 mRNA reached its peak of induction (48 hours
after DNFB and 72 hours after UV). DLNs 48 hours after
DNFB application to UV-irradiated skin were also obtained
to compare with the DLNs 48 hours after DNFB alone.
IL-12p40 and IL-12 p70 in the supernatants were measured
using a sandwich ELISA at 3, 6, and 18 hours of culture.
As compared with DLN from normal control mice (Table 1,
column 1), p40 protein was induced 410-fold by the appli-
cation of DNFB 48 hours earlier (Table 1, column 2). How-
ever, when DNFB was applied to UV-irradiated skin, p40
protein induction was attenuated at all time points (Table 1,
column 3), consistent with the mRNA data of p40. It has
been reported that ligation of CD40 triggers the production
of much more bioactive IL-12 by DCs (Koch et al., 1996).
However, even when stimulated with the IL-12 inducer, anti-
CD40 Ab at a concentration of 10 mgml1, p40 production of
UVþDNFB DLN cells was significantly lower compared
with that of DNFB DLN cells (Table 1, lower column 2, 3).
As reported previously, IL-12 p70 protein production was
substantially less than the p40 protein production (D’Andrea
et al., 1992). IL-12 p70 was induced by DNFB application as
compared with normal skin (Table 1, column 5, 6). However,
IL-12 p70 was reduced with UVþDNFB as compared with
DNFB alone (Table 1, column 6, 7). Although anti-CD40 Ab
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Figure 1. IL-12p40 mRNA expression is upregulated after DNFB application or UVB irradiation, but not after combined exposure. Mice were (a) painted
with DNFB on normal skin (DNFB), (b) UV-irradiated (UV), or painted with DNFB 48hours following UV irradiation (UVþDNFB, a, b). Time course of
IL-12p40 mRNA expression in the DLN was examined using real-time RT-PCR. IL-12p40 expression levels were normalized to housekeeping gene. The results
represent the mean±SE of 4–5 mice. *Po0.05 and **Po0.01 compared with normal (0 hour). #Po0.05 compared with 48 hours after UV irradiation
(immediately before DNFB application). ##Po0.01 compared with DNFB at the same time point.
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Figure 2. The cellular source responsible for the rise of IL-12p40 mRNA in the DLN from DNFB or UVB-exposed skin is CD11cþ cells. DLNs were
removed (a) 48 hours after DNFB application to normal skin or (b) 72 hours after UVB irradiation. DLN cells were incubated with anti-Thy1.2, anti-B220,
anti-CD11c, or anti-F4/80 Ab. Positively selected fractions were enriched for T cells (T), B cells (B), CD11cþ cells or F4/80þ cells, as indicated. Negatively
selected fractions were depleted of T cells (T), B cells (B), CD11cþ cells (CD11c), or F4/80þ cells (F4/80), respectively. Total RNA was extracted from
each fraction and the unselected fraction (Total), and IL-12p40 mRNA expression was quantified by real-time RT-PCR. IL-12p40 expression levels were
normalized to housekeeping gene. The results represent the mean±SE of three independent experiments. **Po0.01 compared with CD11c and total.
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stimulation induced p70 production, a significant reduction
with UVþDNFB (Po0.05 at 18 hours) was observed
(Table 1, lower column 6, 7). UV DLN cells produce
IL-12p40, but their production of p70 was decreased
compared with DNFB DLN cells. The peak secretion was
at 18 hours of culture in both conditions with and without
anti-CD40 Ab (data not shown). Taken together, both the
mRNA and the protein data indicate that IL-12 induction
in the DLN by DNFB application is reduced when DNFB is
applied to UV-irradiated skin.
Exposure of UVB-irradiated skin to a contact sensitizer
induces an early upregulation of IL-10
The time course of IL-10 mRNA expression in the DLN was
examined. DNFB application to UV-irradiated skin resulted
in a sharp increase of IL-10 mRNA level at 3 and 6 hours
(Po0.01) after DNFB application (Figure 3b, 51 and 54 hours
after UVB irradiation), although no significant upregulation
was observed after UV alone. The level of IL-10 mRNA
following UVþDNFB was significantly higher than that of
DNFB alone (Po0.01 at 3 hours, Figure 3a). Thus, UV alone
does not mediate an IL-10-dominant milieu in the DLN.
However, UVB-exposed skin synergizes with a second
stimulus, a chemical sensitizer, which induces rapid upregu-
lation of IL-10 mRNA in the DLN.
The cellular sources of IL-10 mRNA in the DLN during
combined contact sensitizer and UVB exposure are cells
expressing CD11c and F4/80
To study the cellular source of IL-10 mRNA in the DLN, DLNs
were obtained when IL-10 mRNA reached its peak of induction
(3 hours after DNFB application to UV-irradiated skin) (at
3hours in Figure 3a or at 51hours in Figure 3b). The fractions
enriched for either T cells or B cells did not contain increased
IL-10 mRNA signals compared with the paired fraction or total.
However, enrichment of both CD11cþ cells (Po0.05 vs.
CD11c) and F4/80þ cells (Po0.05 vs. F4/80 and Total)
resulted in elevated signals for IL-10 mRNA (Figure 4).
F4/80þ cells infiltrate into the skin following UVB irradiation
We reported previously that CD11bþ cells infiltrate into the
dermis then into the epidermis after UVB irradiation and are
Table 1. IL-12 p40 and p70 protein secretion by DLN cells after DNFB application to normal and UV-irradiated
skin
IL-12 p40 (pgml1) IL-12 p70 (pgml1)
Treatment Hours after culture Normal DNFB UV+DNFB UV Normal DNFB UV+DNFB UV
() 3 o4.01 50.0±8.2 5.4±1.3 34.5±6.5 o0.4 o0.4 o0.4 o0.4
6 10.9±4.92 223.8±49.6 52.1±10.6 99.5±0.7 o0.4 0.6±0.2 0.4±0.0 o0.4
18 68.0±35.8 668.0±213.3 251.9±125.4 387.9±5.1 o0.4 6.4±0.8 4.5±0.9 0.4±0.0
Anti-CD40 Ab 3 o4.0 51.3±1.4 10.2±0.7 29.7±1.7 o0.4 o0.4 o0.4 o0.4
6 13.7±0.9 274.7±23.7 68.8±1.83 157.6±1.5 o0.4 3.8±0.2 1.8±0.4 o0.4
18 71.5±8.3 1,119.2±7.5 253.1±22.53 648.8±109.3 o0.4 41.8±4.1 24.6±2.14 13.3±0.2
DLN of normal (Normal), 48 h after DNFB application (DNFB), 48 h after DNFB application to UVB irradiated skin (UV+DNFB), and 72 h after UVB
irradiation (UV) were obtained. DLN cells were cultured with or without anti-CD40 Ab. Supernatants were tested for the amounts of IL-12 p40 and p70
(ELISA). Each treatment group consisted of seven animals.
1Lower limit of detection.
2Values are expressed as mean±SE of two independent experiments.
3Po0.01 compared with DNFB.
4Po0.05 compared with DNFB.
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Figure 3. DNFB application to UV-irradiated skin induces a rapid spike of IL-10 mRNA in the DLN. Time course of IL-10 mRNA expression in the DLN of
three groups was examined as described in Figure 1. The results represent the mean±SE of 45 mice. (a) ##Po0.01 compared with DNFB at the same
time point. (b) **Po0.01 compared with 48 hours after UV irradiation (immediately before DNFB application).
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potent producers of IL-10 (Kang et al., 1998), but their F4/80
(a macrophage marker) expression has not been studied.
Therefore, we next determined whether these skin-infiltrating
cells express F4/80, which we observed on the IL-10 mRNA-
expressing cells in the DLN. Skin was obtained 48 hours after
UVB irradiation and stained with anti-F4/80 Ab. As hypothe-
sized, many F4/80þ cells were observed in UV-irradiated
skin, but few in normal skin (Figure 5). This indicates that
F4/80þ cells infiltrate into the skin following UVB irradiation
and could be a source of F4/80þ IL-10 mRNA-expressing
cells found in the DLN.
Exposure of UVB-irradiated skin to a contact sensitizer also
induces an early upregulation of a chemotactic factor for
macrophages, MCP-1
Monocyte chemoattractant protein-1 (MCP-1) is a major
chemoattractive factor for monocytes and macrophages
(Ajuebor et al., 1998). The time course of MCP-1 mRNA
expression in the DLN of UVþDNFB was compared with
UVB irradiation alone. Although UV alone did not cause
upregulation of MCP-1 mRNA level, UVþDNFB did induce
its upregulation 3–6 hours after DNFB application (Po0.01 at
3 hours and Po0.05 at 6 hours, Figure 6a).
To study the cellular source of MCP-1 mRNA in the DLN,
DLNs were obtained when MCP-1 mRNA reached its peak of
induction (3 hours after DNFB application to UV-irradiated
skin). T cells or B cells did not contain increased MCP-1
mRNA signals compared with the paired fraction or total.
However, fractions enriched for CD11cþ cells and F4/80þ
cells had elevated MCP-1 mRNA signals (Po0.01 vs. the
paired fraction and Total, Figure 6b). Interestingly, both the
time course and cellular source of MCP-1 mRNA were very
similar to those of IL-10 (Figures 3b and 4). These data suggest
that UVþDNFB induces MCP-1 by CD11cþ and F4/80þ
cells, which may accelerate these cells to migrate to the DLN.
Application of a contact sensitizer to UVB-irradiated skin,
but not to normal skin, causes rapid appearance of F4/80þ
cells in the DLN
The data in Figures 4 and 6b did not distinguish whether the
CD11c- and F4/80-expressing cells were mutually exclusive
populations or represented a population with double expres-
sion of CD11c and F4/80. To investigate these cellular
populations, flow cytometric analysis was performed. DLNs
were obtained when IL-10 and MCP-1 mRNA levels were at
their peak (3 hours after DNFB application to skin exposed to
UV 48hours earlier) (UVþDNFB) and compared with DLN
of normal (Normal) mice, 3 hours after DNFB alone (DNFB)
and 51 hours after UV alone (UV). DLN cells were stained
with anti-CD11c, anti-F4/80, anti-CD3 and anti-CD19 Abs.
CD3þ or CD19þ cells were gated out electronically and the
remaining cells were analyzed for CD11c and F4/80
expression. In normal DLN, most CD11cþ cells did not
express F4/80, and F4/80þCD11c cells were rare (Figure
7a, upper left panel). This basic pattern was maintained after
either DNFB alone or UV alone (Figure 7a, upper right and
lower left panels). By contrast, UVþDNFB induced a large
increase of F4/80þCD11c cells (Figure 7a, lower right
panel). Figure 7 shows representative data from one experi-
ment, whereas the percentages of CD11cþF4/80 cells of
normal, DNFB, UV, and UVþDNFB were 10.7±0.2,
11.1±0.9, 12.0±2.5 and 10.7±2.2, respectively, and those
of F4/80þCD11c cells were 1.5±1.0, 1.8±0.7, 1.6±0.1,
and 9.7±2.7, respectively (mean±SE, n¼ 3). Isotypes for
CD11c or F4/80 alone, using a representative isotype sample
for all treatment conditions, are shown in Figure S1. Total
numbers of DLN cells increased, although not significantly,
in DNFB, UV, and UVþDNFB treatment conditions
(19.3±0.6, 22.6±2.8, and 22.5±1.8, respectively) com-
pared with normal (15.1±0.4) (106 cells, n¼ 3). The cell
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Figure 4. The cellular source of the IL-10 mRNA in the DLN following
UVþDNFB exposure is cells expressing CD11c and F4/80. DLNs were
removed 3 hours after DNFB application to UV-irradiated skin. IL-10
mRNA expression of the cellular fractions was quantified as described
in Figure 2. The results represent the mean±SE of three independent
experiments. #Po0.05 compared with CD11c. *Po0.05 compared
with F4/80 and total.
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Figure 5. Infiltration of F4/80þ cells into the UV-irradiated skin. Mouse
back skin of normal and 48 hours after UVB irradiation was removed
and stained with anti-F4/80 Ab. Numerous cells expressing the F4/80
(brown, arrow) are observed in the UV-irradiated skin, but very few in
normal skin. Bar¼ 50mm.
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counts revealed that the absolute cell number of F4/80þ
CD11c cells per DLN was markedly elevated in
UVþDNFB group (Po0.05), whereas that of CD11cþ
F4/80 cells did not increase compared with the other three
groups (Figure 7b). These data indicate that DNFB applica-
tion to the UV-irradiated skin induces a rapid appearance
of F4/80þ cells in the DLN.
F4/80þ cells that appear in the DLN after application
of a contact sensitizer migrate from UVB-irradiated skin
To investigate whether the F4/80þ cells that appear in the
DLN after combined exposure were skin derived, a mixture
of FITC and DNFB (FITC/DNFB) was applied to normal or
UV-irradiated skin to label cells capable of antigen uptake in
the skin. The FITCþ population in the DLN was first selected
electronically and then expression of CD11c and F4/80
within this population was analyzed. FITC/DNFB application
to UV-irradiated skin induced a remarkable increase of
FITCþF4/80þCD11c cells in the DLN compared with FITC/
DNFB application alone 6 hours following the application
(Figure 8). The proportions of FITCþCD11cþF4/80 cells for
FITC/DNFB and UVþ FITC/DNFB were 9.9±1.3 and
9.4±1.6%, respectively, and those of FITCþF4/80þCD11c
cells were 4.9±2.6 and 24.0±0.7% (Po0.05), respectively
(n¼2). In addition, a majority (81.6±9.3%, n¼2) of F4/80þ
cells in the DLNs were FITCþ . These data indicate that
F4/80þ cells infiltrated into the UV-irradiated skin migrate
quickly to the DLN following application of a sensitizer to
the skin.
F4/80þ cells migrated from UVB-irradiated skin to the DLN
following application of a sensitizer produce IL-10
To enumerate IL-10-producing cells, an IL-10 enzyme-linked
immunospot assay (ELISPOT) was performed. DLNs were
obtained 6 hours after FITC/DNFB application to UV-irra-
diated skin. FITCþF4/80þCD11c cells and FITCþF4/
80CD11cþ cells were collected by flow sorting DLN cells.
Figure 9 shows the representative results. FITCþF4/80þ cells
contain IL-10-producing cells (6.1±4.8 spot-forming cells
per 104 cells), whereas FITCþCD11cþ cells contain very few
of them (0.33±0.26 spot-forming cells per 104 cells) (n¼ 3).
IL-10-producing FITCþF4/80þ cells were significantly higher
than IL-10-producing FITCþCD11cþ cells when stimulated
with lipopolysaccharide (110.7±24.0 vs. 0.67±0.26 spot-
forming cells/104 cells, Po0.05, n¼3). These data indicate
that F4/80þ cells that migrated from UV-irradiated skin to the
DLN following application of a sensitizer produce IL-10.
DISCUSSION
This study demonstrates that combined exposure to a
chemical sensitizer and UVB results in distinctive changes
in the DLN that are not predicted by either agent during
single exposure. Although CD11cþ and IL-12-producing
LCs/DCs have been well demonstrated to migrate to DLN
upon either sensitizer- or UV-alone treatments, we are not
aware of a previous demonstration that skin-infiltrating
monocytes/macrophages migrate rapidly to the DLN follow-
ing sensitizer application to UV-exposed skin. This previously
unreported finding that F4/80þ cells migrate from the
UV-irradiated skin to the DLN and produce a spike of IL-10
following DNFB application at the time of IL-12 inhibition is
of particular relevance to UV-induced tolerance.
It has been reported that administration of anti-IL-12 Ab
inhibits sensitization and induces antigen-specific tolerance
(Riemann et al., 1996). Administration of rIL-12 prevents
tolerance and overcomes established tolerance by UVB
(Muller et al., 1995; Schwarz et al., 1996). Therefore, IL-12
plays a dominant role in the induction of CHS, and suppres-
sion of IL-12 seems to be important in tolerance induction by
UVB. In previous reports, IL-12p40 mRNA expression is only
transiently detected at 15 hours (Riemann et al., 1996) or at
12–14 hours (Muller et al., 1995) after sensitizer application,
using semiquantitative RT-PCR. Our data with quantitative
real-time RT-PCR show that IL-12p40 mRNA is consistently
upregulated in the DLN between 48 and 72 hours following
DNFB application (Figure 1a). When we examined the same
strain of mouse (BALB/c) as used in previously published
experiments, we again observed IL-12p40 mRNA upregula-
tion at 48 hours (rather than at 15 hours) (data not shown).
Regardless of whether a slight delay in IL-12 mRNA induction
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is due to the site of hapten application or the sensitivity of
RT-PCR, it is clear that IL-12p40 mRNA expression is
upregulated when DNFB is applied to normal skin (sensitized
condition). Furthermore, IL-12p40 mRNA and protein
was also upregulated in the DLN of UV alone. Although it
might be expected that combined exposure of sensitizer
and UV would result in at least an additive increase,
IL-12p40 mRNA was not upregulated in the DLN of
UVþDNFB (tolerogenic condition). These findings were
confirmed by protein data of IL-12p40 and IL-12 p70. Thus,
our data show that upregulation and inhibition of IL-12
is associated with sensitization and tolerance.
The cellular source of IL-12 in the DLN after DNFB
application was CD11cþ cells. This result is consistent with
previous reports (Muller et al., 1995; Kang et al., 1996). The
cellular source of IL-12 following UV irradiation was also
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Figure 9. F4/80þ cells migrated from UV-irradiated skin to the DLN
following hapten-application produce IL-10. DLNs were obtained from
mice 6 hours after FITC/DNFB application to UV-irradiated skin.
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IL-10 ELISPOT was performed. Data are representative of three
independent experiments.
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CD11cþ cells. It has been reported that the number of DCs in
the DLN increases after UVB irradiation (Moodycliffe et al.,
1992). Thus, CD11cþ cells migrating from UV-irradiated
skin to the DLN produce IL-12p40, although their formation
of p70 is much less than that elicited by DNFB application,
which would suggest the formation of p40 homodimers as
reported previously in systemic immunosuppression (Schmitt
and Ullrich, 2000). Recently described alternative members
of the IL-12 family, such as IL-23, IL-27, as well as other
IL-6/gp130 family members, may also play a role in altering
CHS regulation. However, further investigation is required to
elucidate the role of these cytokines in UV-induced immuno-
suppression.
It has been reported that administration of rIL-10
suppresses CHS and induces antigen-specific tolerance (Enk
et al., 1994). Anti-IL-10 Ab treatment before UVB exposure
prevents UV-induced tolerance (Niizeki and Streilein, 1997).
Therefore, IL-10 seems to be a key cytokine in the mechanism
of UV-induced tolerance. Detailed time course analyses
allowed us to detect an early and transient upregulation of
IL-10 mRNA expression in the DLN, 3–6 hours following
DNFB application to UV-irradiated skin. Comparison bet-
ween UVþDNFB and UV alone revealed that UV alone does
not cause IL-10 mRNA upregulation, but a second stimulus,
DNFB application, is required to induce the rapid increase of
IL-10 mRNA in the DLN. These data indicate that there are
cellular source(s) of IL-10 mRNA in the DLN that appear only
under the condition of UVþDNFB 3–6 hours following
DNFB application.
Infiltration of macrophages into the skin after UVB
irradiation has been well studied. IL-10 mRNA expression
peaks first in the dermis and then in the epidermis; in parallel
with the infiltration of CD11bþ population (Kang et al.,
1998). In this study, we used a more specific marker for
monocytes/macrophages, F4/80 (Austyn and Gordon, 1981),
as differentiated macrophages, monocytes/macrophages, and
neutrophils are included in CD11bþ populations as we
reported previously (Cooper et al., 1993). Although it is
known that F4/80 is also expressed on sessile LCs in the
epidermis, many F4/80þ cells were observed in the epider-
mis and the dermis at the optimal time point of DNFB appli-
cation (48 hours after UV exposure) that induces tolerance.
As F4/80 expression on LCs decreases after migrating, F4/80
is expressed mostly on macrophages in LNs (Gordon et al.,
1992). To label the cells that take up antigen through the
UV-irradiated skin, we added a small amount (1%) of FITC to
the DNFB solution. The amount of FITC used was determined
in preliminary experiments, as high doses of FITC drain
directly to the DLN and turn all LN cells into FITCþ .
Furthermore, it is unlikely that the resident macrophages
increase within 3–6 hours to the range of FITCþF4/80þ cells
shown in Figure 8. Therefore the results demonstrate that
F4/80þ cells emigrated from the skin to the DLN. Although
both fractions enriched for F4/80þ cells and CD11cþ cells
had IL-10 mRNA signals (Figure 4), the IL-10-producing cells
that migrated from the skin were F4/80þ cells (Figure 9). In
the flow-sorted CD11cþF4/80 cells used for protein assay,
the CD11cþF4/80þ population was not included. Although
the CD11cþF4/80þ population is very small in the total LN,
it is possible that this population may influence the mRNA
level of the CD11cþ cell-enriched fraction. Alternatively,
resident CD11cþ cells in the DLN may express IL-10 mRNA,
but these FITCCD11cþ cells were not included in the
FITCþF4/80CD11cþ population used for the protein assay.
In addition, there was no increase of CD11cþ cells following
UVþDNFB compared with UV alone, therefore it is unlikely
that CD11cþ cells are responsible for the observed IL-10
burst. Thus, when DNFB is applied to UV-irradiated skin,
which is rich in newly infiltrated F4/80þ cells, these cells
start to migrate rapidly to the DLN and produce immuno-
regulating IL-10 in that critical microanatomic location.
Interleukin-10 inhibits IL-12 production by DCs. Further-
more, IL-12 production by DCs precultured in the presence of
IL-10 is greatly reduced, suggesting that the inhibitory effects
of IL-10 are not fully irreversible (Koch et al., 1996). If
IL-12p40 mRNA expression in the DLN of UV-irradiated skin
is independent of increased IL-10 mRNA after DNFB
application, we would then predict that IL-12p40 mRNA
levels of UVþDNFB would remain as high as those of
UV alone. However, our data show that upregulation of IL-10
mRNA 3–6 hours after DNFB application was followed by a
decrease in IL-12p40 mRNA 3–15 hours after DNFB applica-
tion to UV-irradiated skin from the level observed following
UV irradiation, and no upregulation thereafter (Figures 1b
and 3b). These results suggest that the burst of IL-10 inhibits
IL-12p40 induction, which may explain why a second
skin stimulus (DNFB) inducing IL-10 production reduced
IL-12p40.
As we reported previously, tolerance is dependent on the
timing of DNFB application. Partial tolerance is first detect-
able 6 hours after UVB exposure and increases to 70%
reduction of the expected CHS by 24 hours. Full tolerance is
obtained by 48 and 72 hours after UV exposure (Hammerberg
et al., 1996a). Furthermore, intracutaneous injection of
UV-exposed epidermal cells, haptenized ex vivo, induces
antigen-specific tolerance; however, removal of CD11bþ Iaþ
macrophages by anti-CD11b Ab abrogates the ability to
induce tolerance (Hammerberg et al., 1994). In vivo anti-
CD11b Ab treatment to inhibit macrophage activation and
infiltration blocks UV-induced tolerance (Hammerberg et al.,
1996b). These studies indicate that UV-induced tolerance is
dependent on the infiltration of these macrophages to the
UV-irradiated LC-depleted skin. Our findings in this study
explain why the kinetics of tolerance induction coincides
with that of macrophage infiltration. The intervening period
of 48–72 hours after UV exposure allows time for infiltration
of sufficient macrophages into the skin to induce a large
IL-10 spike in the DLN simultaneously following DNFB
application. Taken together, these results suggest that
APC components of UV-irradiated skin at the time of
hapten application affect the APC components of DLN,
which determines tolerance induction.
Ultraviolet-induced tolerance is transferable and mediated
by Treg cells that were identified in the DLN of UV-irradiated
and hapten-applied skin (Shreedhar et al., 1998). Although
several types of Treg cells have been described, UV-induced
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Treg cells are CD4þ , CD25þ , CTLA-4þ , L-selectinþ , they
require antigen-specific stimulation at least for activation, and
they produce IL-10 (Shreedhar et al., 1998; Schwarz et al.,
2000, 2004). It has been reported that APCs such as immature
DCs and macrophages are able to induce Treg cells
(Roncarolo et al., 2001; Hoves et al., 2006). However, how
Treg cells are generated in the DLN of UV-irradiated skin still
remains unclear. Migration of UV-damaged LCs to the DLN is
suggested to induce Treg cells (Schwarz et al., 2005). In this
study, we demonstrated that skin-infiltrating macrophages that
migrate from UV-irradiated skin to the DLN produce IL-10.
Macrophages that have been recruited into UVB-damaged
skin have a potential to produce IL-10 that is 200- 400-fold
higher than keratinocytes (Kang et al., 1994). T cells incubated
with IL-10-pretreated LCs are anergic, and their production of
IFN-g and IL-2 is reduced (Enk et al., 1993). Therefore, it is
possible that the rapid migration of many macrophages
induces a focally high-IL-10 micro-milieu in the DLN that
induces tolerogenic DCs. Recently, it has been reported
that the macrophage F4/80 receptor has an essential role
in the generation of antigen-specific Treg cells in peripheral
tolerance (Lin et al., 2005). Therefore, it is alternatively
possible that these F4/80þ macrophages themselves work as
APCs that induce Treg cells in UV-induced tolerance. Further
investigation is required to elucidate these possibilities.
In conclusion, the present study demonstrates upregulation
of IL-12 in the DLN following application of a hapten to
normal skin (sensitized condition) and lack of its upregulation
following the hapten application to UV-irradiated skin
(tolerogenic condition). IL-10 mRNA is upregulated in the
DLN 3–6hours following the hapten application to
UV-irradiated skin. This IL-10 burst is followed quickly by
the inhibition of IL-12p40 mRNA. Many macrophages infiltrate
into UV-irradiated skin by 48hours, and following the hapten
application, they migrate rapidly to the DLN and produce
MCP-1, which may facilitate further recruitment, and IL-10.
Thus, macrophages that infiltrate into UV-irradiated skin may
represent a pool of mobile ‘‘suppressive mediators’’ that can
transmit signals for locally inducible UV tolerance. Under-
standing the role of macrophages in immunosuppression
may help to further explain pathways regulating Treg-cell
production, desensitization, and immunosuppressive treat-
ment, including UV therapy for skin diseases.
MATERIALS AND METHODS
Mice
Specific pathogen-free C3H/HeN mice were purchased from Harlan
(Indianapolis, IN). Adult female mice were used between 7 and
12 weeks of age. All mice were shaved and depilated and were
allowed to rest for 2–3 days before beginning the experiment. All
experimental animal protocols were reviewed and approved by
the Institutional Animal Care and Use Committe (IACUC) of Case
Western Reserve University.
Contact sensitization
Mice were sensitized with DNFB (Sigma Chemical Co., St Louis,
MO) by applying 25 ml of 0.5% DNFB in acetone/olive oil (4:1) or a
mixture containing 1% FITC (Sigma)/0.5% DNFB in acetone/olive
oil/dibutylphthalate (Sigma) (3:1:4) to the shaved depilated back skin
without UV irradiation or 48 hours after UV irradiation.
UV irradiation
Mice were UV irradiated as described previously (Hammerberg
et al., 1996b). Briefly, the shaved back skin was exposed to UVB
irradiation from a band of six FS-40 fluorescent lamps filtered through
Kodacel (Eastman Kodak Co., Rochester, NY). UVB emission was
measured with an IL-443 phototherapy radiometer (International
Light, Newburyport, MA) equipped with an IL SED 240 detector fitted
with a W side angle quartz diffuser and an SC5 280 filter. A single
UVB dose of 72mJ cm2 was determined to induce tolerance only if
DNFB was applied to the UV-exposed skin (local tolerance) and not
to non-UV-exposed distant site (systemic tolerance).
Cell preparation and magnetic bead selection
Single-cell suspensions of LN cells were prepared by mechanical
disruption and filtered through a sterile 50 mm nylon mesh. LN cells
were washed and resuspended in RPMI-1640 supplemented with
1% heat-inactivated fetal bovine serum.
To obtain either T cell or B cell enriched and depleted fractions,
magnetic beads coated with rat anti-Thy1.2 Ab (Dynabeads mouse
panT; Dynal, Oslo, Norway) and those coated with rat anti-B220 Ab
(Dynabeads mouse panB; Dynal) were used, respectively. For
selecting DC and macrophages, magnetic beads coated with
streptavidin (CELLection TM Biotin Binder Kit; Dynal) were first
incubated with biotin-conjugated hamster anti-mouse CD11c Ab
(Pharmingen, San Diego, CA) and biotin-conjugated rat anti-mouse
F4/80 Ab (Serotec Inc., Raleigh, NC), respectively, and then
incubated with LN cells according to the manufacturer’s protocol.
Positively selected cells were removed by incubation with magnetic
beads coated with each Ab for 40minutes at 41C, followed by
adherence to a magnet. Negatively selected cells were collected
after two washes on the magnet. The negatively selected cells were
o5% CD3þ (T) cells,o1% CD19þ (B) cells,o0.1% CD11cþ cells
and o0.1% F4/80þ cells, respectively. The positively selected cells
were 490% CD3þ cells, 450% CD19þ cells (that is, enriched to
twice their level in unselected DLN), 5–10% CD11cþ cells (that is,
enriched to 5–10 times their level in unselected DLN), and 5–10%
F4/80þ cells (that is, enriched to 5–10 times their level in unselected
DLN), respectively. Purity for each population was determined by
flow cytometric analysis following bead selection.
Real-time quantitative RT-PCR
Total RNA was extracted from inguinal LN using TRIzol (Life
Technologies, Gaithersburg, MD) and from positively and negatively
selected cell fractions by magnetic beads using RNeasy mini kit
(Quiagen Inc., Valencia, CA). RNA (0.1 mg) was reverse-transcribed
using 200U Moloney-murine leukemia virus reverse transcriptase
(M-MLV RT; Invitrogen, Carlsbad, CA) for 60minutes at 371C in the
presence of 50mM Tris-HCl, pH 8.3, 75mM KCl, 3mM MgCl2, 10mM
DTT, 100 ng of random hexamer primers (Invitrogen), 0.5mM dNTPs
and 40U recombinant ribonuclease inhibitor (Fisher, Fair Lawn, NJ).
For every reaction set, some RNA samples were performed without
M-MLV RT to provide a negative control in subsequent PCR
reactions. cDNA was amplified in the presence of gene-specific
primers and probes (FAM reporter for IL-12p40, IL-10 and MCP-1,
and VIC reporter for 18S rRNA) and TaqMan universal master mix
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(PE Applied Biosystems, Foster City, CA) in a 96-well microtiter plate
format on an ABI PRISM 7700 Sequence Detection System (PE
Applied Biosystems). Each PCR reaction was performed in triplicate,
using the following conditions: 2minutes at 501C and 10minutes at
951C followed by 40 cycles of 15 seconds at 951C and 1minute at
601C. Tenfold serial dilutions of each cDNA plasmid of known copy
number were amplified with the samples during the same PCR
reaction. The absolute copy numbers of samples were calculated
against input copy numbers of plasmid standards for each target
gene. The expression levels of each cytokine were expressed
as cytokine copy number per 107 18s rRNA as normalized to
housekeeping gene.
Measurement of IL-12 protein
Lymph node cells (2 107ml 1) were cultured in 24-well culture
plates. Culture medium was RPMI-1640 supplemented with 10%
fetal bovine serum, 1% streptomycin, and 2-mercaptoethanol with
or without anti-CD40 Ab at a final concentration of 10 mgml1. After
3, 6, and 18 hours, IL-12p40 and p70 proteins secreted into the
supernatant were measured using mouse IL-12p40 ELISA or IL-12
p70 ELISA (Endogen Inc., Woburn, MA), respectively, according to
the manufacturer’s instructions.
Immunohistochemical staining
Frozen 6 mm sections of murine skin were fixed in acetone. Sections
were pretreated with PBS containing 0.3% hydrogen peroxide to
inhibit endogenous peroxidase activity then blocked with 10%
normal goat serum. Sections were then incubated with biotinylated
rat anti-mouse F4/80 Ab (IgG2, Serotec) for 1 hour at room
temperature. After washing, sections were incubated with perox-
idase-labeled streptavidin (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) for 30minutes at room temperature, washed
and exposed to diaminobenzidine substrate solution (Kirkegaard &
Perry Laboratories). Sections were then incubated with methyl green
for counterstaining. A negative control was established by using
biotinylated isotype control as primary Ab.
Flow cytometry
One million Fc IgG receptor-blocked (anti-CD16/32, Pharmingen)
LN cells were incubated with phycoerythrin-conjugated hamster
anti-mouse CD11c (Pharmingen), FITC-conjugated rat anti-mouse
F4/80 (Caltag, Burlingame, CA), allophycocyanin-conjugated rat
anti-mouse CD3 (Pharmingen) and allophycocyanin-conjugated rat
anti-mouse CD19 (Pharmingen) Abs for 40minutes at 41C. For the
FITC/DNFB combined experiment, T-cell- and B-cell-depleted
populations were incubated with phycoerythrin-conjugated rat
anti-mouse F4/80 (eBioscience, San Diego, CA) and allophycocya-
nin-conjugated hamster anti-mouse CD11c (eBioscience) Abs for
40minutes at 41C. A sterile sort was then performed to obtain
FITCþF4/80þ cells and FITCþCD11cþ cells for ELISPOT. Identi-
cally conjugated isotype controls were used. The stained cells were
analyzed using a BD LSR Flow cytometer (BD Bioscience, San Jose,
CA) and WinList software (Verity Software House Inc., Topsham,
ME). Cell sorting was performed using FACSAria (BD Bioscience).
ELISPOT
Lymph node cells were incubated in 100 ml volume in ELISPOT 96-
well plates coated with anti-IL-10 Ab (BD Bioscience), in complete
medium (RPMI-1640) supplemented with 10% fetal bovine serum
alone or with 10mgml1 lipopolysaccharide (Sigma) for 16 hours
at 371C. Secondary biotinylated anti-IL-10 Ab and streptavidin-
horseradish peroxidase (BD Bioscience) was used to detect captured
IL-10. Plate scanning was performed to count spot-forming cells
(Immunospot C.T.L, Cleveland, OH).
Stastistical analysis
Analysis of variance was used for multigroup or multipoint analysis.
The unpaired t test was used for the analysis between two groups.
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Figure S1. DNFB application to UV-irradiated skin results in the appearance
of F4/80þ cells in the DLNs.
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